J Clin Invest. 1986;78(1):281-287. https://doi.org/10.1172/JCI112562. Substance P (SP), neurotensin (NT), bombesin (BB), serotonin (5HT), and carbamylcholine (CCH) transiently increase electrogenic anion secretion in chinchilla and chicken ileum. SP and CCH also transiently inhibit amiloride-sensitive Na/H exchange in isolated chicken enterocytes. Loperamide (LP) inhibits the short-circuit current responses caused by SP, NT, and BB, but not those caused by CCH, 5HT, Ca ionophore, or cyclic nucleotides. Similarly, LP inhibits the effects of SP, but not those of CCH, on Na/H exchange. LP inhibition of the SP effects was further studied in isolated chicken enterocytes. CCH and SP transiently increased cytosolic Ca activity by 20-50 nmol/liter, but only the response to SP was inhibited by LP (10(-5) M) and by the absence of extracellular Ca. We conclude SP and CCH effects on intestinal electrolyte transport are mediated by increasing enterocyte Ca activity and LP specifically inhibits peptide hormone-activated Ca entry by an opiate receptor-independent mechanism.
Introduction
Loperamide is a commonly used antidiarrheal drug which is structurally related to the opiate analgesic meperidine. It binds to opiate receptors present in the intestinal longitudinal muscle and myenteric plexus and alters gut motor activity, an action that is only partially reversed by opiate antagonists such as naloxone (1) (2) (3) (4) . Although the antidiarrheal activity of loperamide stems in large part from its effects on intestinal motor function under conditions of normal absorption (5), a portion of these therapeutic actions may be attributed to its ability to alter ion and fluid transport across the intestinal mucosa under secretory conditions (6) . For example, the drug has been reported to attenuate or reverse intestinal secretion induced by cholera toxin (7) (8) (9) , Escherichia coli enterotoxins (10, 1 1), prostaglandin E2 (6, 8, 10, (12) (13) (14) (15) , bile salts and fatty acids (16, 17) , or vasoactive intestinal polypeptide (15) ; it has little or no effect on basal ion fluxes. There are conflicting reports as to whether opiate antagonists decrease these antisecretory effects (8, 10, 13, 15) . Loperamide does not affect secretagogue-induced increases in intracellular cyclic AMP, one recognized mediator of secretory processes in the mucosa (7, 8, 14, 18) . However, it has been thought that the drug may affect electrolyte secretion activated by calcium-dependent processes (19, 20) . Furthermore , loperamide has been found to bind to calcium channels in rat brain membranes and to block calcium-induced contractions ofthe guinea pig ileal smooth muscle (21) .
We have investigated, through measurements of short-circuit current (k)' 22Na influx, and intracellular free Ca (Caj) and pH (pHi), the cellular mechanisms underlying the antisecretory actions of loperamide in intact chinchilla and chicken ileum and in enterocytes isolated from chicken ileum. Initial studies of IC responses to secretagogues and loperamide were performed in chinchilla ileum because ofits exceptional responsiveness to these agents. However, subsequent experiments were performed in the equally responsive chicken ileum, because isolated enterocytes could be easily obtained and maintained with excellent viabilities for 2-3 h. These were essential criteria for measurements of intracellular free Ca and pHi. We report here that lo- Ion transport studies. Intestinal segments of 2-3 cm in length from 500-750-g chinchillas and 10-12-wk-old white leghorn chickens were stripped of their serosa and underlying longitudinal muscle layer and incubated at 37°C in Ussing chambers as previously described (22) . Dglucose (20 mmol/liter) was added to the serosal side and an equimolar amount of mannitol was added to the mucosal side. Transmural potential difference, resistance, and short-circuit current (I.) were determined as previously described (22) . Secretagogue effects were determined by measuring the difference between the maximal increases in I,C and prestimulated I,, values. The effects ofloperamide, D-600, etorphine, morphine, trifluoperazine (TFP), and D-alanine2,D-leucine5-enkephalin (DADLE) on secretagogue-induced I,, changes were determined by addition ofthese compounds to the serosal reservoir 5-10 min before addition of secretagogue. To quantitate the potency of loperamide's inhibitory effects, the ID50 for each series of tissues was determined by approximation of the concentration of loperamide producing a 50% inhibition of the secretagogue response.
Isolation ofchicken enterocytes. Epithelial cells from the distal half ofchicken small intestine were isolated using a modification ofthe method described by Kimmich (23). Flat sheets of intestine of 3-5 cm in length were incubated in isolation buffer at 39°C for 45 min in a shaking waterbath. The resulting cell slurry was then filtered through nylon stocking material to remove mucus and intact tissue. This cell filtrate was washed twice with HBSS and the final pellet was resuspended in Ca-free HBSS to a cell concentration between 10 and 15 million cells/ml.
Quin-2 loading ofisolated chicken enterocytes. Isolated enterocytes were initially incubated with quin-2/AM (60 rmol/liter) in calcium-free HBSS for 10 min at 3°C. The final DMSO concentration was <0.1%. Omission ofCa minimized the activity ofany carboxyl-esterases released from damaged cells. After 10 min, extracellular Ca was restored to 1 mmol/liter and the incubation was continued for an additional 20 min. Quin-2 loading was estimated to be between 1 and 2 mmol/liter cell volume using 3 [H]quin-2/AM. After loading, the cell suspension was diluted fivefold with cold HBSS and centrifuged at 200 g for 1 min. The pellet was gently resuspended in HBSS and kept at ice temperature. Periodically an aliquot would be removed and diluted twofold with HBSS and centrifuged at 200 g for 1 min. This pellet was then resuspended in HBSS to yield 1-3 million cells/ml and transferred to a cuvette.
Fluorescence measurements. Measurements were made with a Farrand Mark I spectrofluorometer (Farrand Optical Co., Valhalla, NY) with a modified thermostated cuvette chamber which had a motor-driven rotary mixing unit that maintained a homogeneous cell suspension. All measurements were made at 39°C in I-cm2 quartz cuvettes. Drugs and hormones were introduced into the cuvette with a 10-Ml Hamilton syringe introduced through a guide mounted in the cuvette chamber lid. Standard monochrometer settings were 339 nm excitation with 5-nm slits; 490 nm emission with 10-nm slits. In every instance an excitation spectrum was generated to confirm that quin-2 was in its free acid form (peak at 339 nm) and that the cells were sufficiently loaded Tsien et al. (24) . Minimal autofluorescence of loperamide (at 1 Amol/liter) was noted; this was subtracted from fluorescence measurements in the presence of quin-2. No quenching of quin-2 fluorescence was noted by any of the compounds tested.
Measurements of intracellular pH. Isolated enterocytes were suspended in HBSS to a cell concentration of -15-20 million cells per ml and incubated with CF (20 AM) for 15 min in a waterbath shaker at 37°C. After loading, the suspension volume was diluted twofold with prewarmed buffer. For each pH determination, aliquots of 4-6 ml were washed twice with HBSS and resuspended with the appropriate study buffer to a final volume of 2 ml.
Fluorescence measurements were begun after a 5-min preincubation period. Determination of intracellular pH was made by taking the ratio of fluorescence intensities measured at 530 nm using excitation wavelengths of 490 and 465 nm, respectively. Autofluorescence determined from isolated cells without CF was subtracted in each case. All agents studied exhibited no autofluorescence. Intracellular pH was determined by comparing the corrected ratio measurements to a calibration curve of CF ratio fluorescence in cells suspended in buffer containing in millimoles/liter: K, 130; Cl, 130; Hepes, 20; nigericin, 10-2; valinomycin, 4 X 10-3. Nigericin and valinomycin were used to collapse any existing H+ or K+ gradients, respectively. Under these conditions, intracellular pH can be adjusted by titrating extracellular pH using KOH. Measurements from each cell suspension were made at pH 6.6, 6.8, 7.0, 7.2, and 7.5 after washing two times with pH-adjusted buffer and allowing 5 min for equilibration of intra-and extracellular pH.
Sodium influx measurements. Na+ influx in isolated enterocytes was performed using a modification of the technique described by Kimmich (25). Isolated cells were resuspended in buffer containing in millimoles per liter: Na, 70; N'-methyl,D-glucamine (NMDG), 55; K, 5; Ca, 1.25; Mg, 1.1; Cl, 125; H2PO4, 0.3; HPO4, 1.65; Hepes, 20 (pH 7.4). In all cases, cells were used within 30 min after isolation.
Uptake of'Na was initiated by transfer of 1 ml of cell-free suspension buffer containing 0.25 MCi/ml 22Na to 3 ml of cell suspension (final cell concentration -5-7 million cells/ml). Aliquots (300 ,A) were taken at 0 and 45 s. These were immediately diluted in 1. 
Results
Effects on anion secretion. Addition of substance P (SP), neurotensin (NT), or bombesin (BB) to the serosal side of chinchilla or chicken ileum produces a transient (3-10 min) increase in I,, (see Fig. 1 ). As shown previously for guinea pig ileum (26, 27) , this increase in ISC is due to Cl and/or HCO3 secretion. Replacement of Cl and HCO3 with Hepes and gluconate eliminated the I,, responses to these peptides in both chicken and chinchilla ileum. Furthermore, subsequent addition of SP (10-' M), carbamylcholine (CCH) (10-4 M), or NT (10-' M) to tissues maximally stimulated with 8-bromo-cAMP (10-4 M) failed to produce any further changes in ISC; the latter effect being shown to be due to active Cl secretion (18) . Direct measurements of transmural isotope fluxes in both tissues were not possible because of the transient nature of these secretagogue responses and because of the large unidirectional passive ion flux movements.
The three peptides appear to stimulate secretion by increasing Ca entry into enterocytes because omission of Ca from the serosal bathing medium reduced their effects on I,,, by >70%. In chinchilla ileum, for example, bombesin (10-' M)-stimulated increases in I. were reduced from 15±3.0 MA/cm2 in the presence of serosal Ca (n = 6, 1.0 mM Ca) to 0.4±0.2 uA/cm2 in its absence (n = 6, 0.5 mM EGTA present). SP-stimulated ISC responses in chicken ileum were likewise reduced from 43±8 ,uA/ cm2 (n = 7) to 1 1±3 gA/cm2 (n = 6) when Ca was removed from the serosal bathing medium.
Loperamide (1-10 gM added to the serosal bathing medium)
did not alter basal IS in either chinchilla or chicken ileum. As shown in Table I, Inhibition of these secretory responses by loperamide appears to be noncompetitive (ED50 unchanged) as shown in Fig. 2 A for the dose-related inhibitory effects ofloperamide on substance Fig. 2 B) or serotonin (5HT) (see Table I ). The action ofthe Ca-channel blocker D600 on SP-stimulated changes in IC is strikingly similar to that of loperamide: (Fig. 2 A) and neither inhibits the action of CCH (Fig. 2 B) (Table I ). Effects on Na/H exchange. The effects of loperamide on Na uptake by isolated chicken enterocytes are shown in Figs. 4 and 5. Na uptake into the chicken enterocytes, particularly that component regulated by intestinal hormones and neurotransmitters, has been shown to occur predominantly by an amiloridesensitive Na/H exchange in the apical membrane (28) (29) (30) . The effects of SP and carbachol on 22Na influx into isolated enterocytes are shown in Fig. 4 . Na influx was inhibited by -50% 1 min after addition ofeither agent. Pretreatment ofthe enterocytes with loperamide (10-5 M) blocked the decrease in Na influx caused by SP, but not that caused by carbachol. Loperamide had no effect on basal Na influx. Similarly, when the intracellular were caused by both SP and carbachol (n = 5 for each), respectively, corresponding to decreases in intracellular pH of -0.08-0.1 pH units (basal intracellular pH -6.9-7.0). The pHi responses to both CCH and SP were Na-dependent (i.e., no effect on pHi when Na was replaced with NMDG) and not additive to the acidifying effect of amiloride (10-;3 M), consistent with an inhibitory effect ofthese agents on an amiloride-sensitive Na/ H exchange. Pretreatment of cells with loperamide (l0-5 M)
inhibited the effect of SP on pHi but did not affect the pHi response to carbachol (Fig. 5 A and B) . Effects on intracellular Ca activity. Basal [Ca]i in isolated chicken enterocytes, as measured with quin-2, was 148±7 nM (n = 47) and was not altered by loperamide (1 gM). Both SP (10 uM) and CCH (100 MM) produced short-lived increases in [Ca]i which preceeded but were similar in duration to the change in pH caused by these agents (compare CCH responses in Fig.  5 with Fig. 6 ). As summarized in Table III, (Fig. 6 D) , whereas the effect of CCH (lo-4 M) on [Cali was still present (Fig. 6 C) . The predominant effect of Ca removal on the CCH-induced increase in
[Ca]i was a more rapid decline in [Ca]i after the peak increase was reached (no significant decrease in peak effect).
Discussion
The present results indicate that loperamide selectively reverses the effects on intestinal electrolyte transport of the endogenous gut peptides SP, NT, and BB. These peptides stimulate transient increases in transepithelial Ic, reflecting stimulation of electrogenic anion secretion. In support of this is the observation that removal of Cl and HCO3 from the bathing media reduces these responses by over 90% in both chicken and chinchilla ileum. (26, 27, 31) . In isolated chicken enterocytes, loperamide also reverses the inhibition of Na/H exchange caused by SP, but not that caused by carbachol. These findings are entirely consistent with those observed for I. Na/H exchange, an electroneutral process not reflected in the I, appears to be a common mechanism for Na absorption by the small intestine and proximal colon of mammals (29, (31) (32) (33) (34) . In mammalian small intestine, evidence supports the presence of electroneutral Na/H exchange in villus cells and electrogenic anion secretion in crypt cells (35) (36) (37) . The small intestine of the chicken appears to be similar. In fact, the presence of an amiloride-sensitive Na/H exchange has been identified in isolated enterocytes, a predominantly villus cell population (28) (29) (30) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . On the other hand, the drug had no effect on in vitro electrical responses of the rodent intestinal mucosa to prostaglandin E2 (10, 14) or E. coli heat-labile toxin (10), agents that act by increasing intracellular cyclic AMP levels, or to E. coli heat-stable toxin (10) which raises cyclic GMP levels in enterocytes (38) . We have extended these observations to isolated chinchilla ileal mucosa (2) and may do so also in the gut (21) . Conventional Ca channel blocking agents such as verapamil have pro-absorptive actions in the rat intestine (39) .
The mechanism by which 5HT and agonists such as carbachol increase [Ca] i may involve the activation of membrane phosphatidylinositol metabolism (30, 40, 41 Verapamil and other Ca-entry blockers have been used to treat cardiac arrhythmias (44) and esophageal motility disorders (45) . Whether loperamide will have similar actions in these or other organ systems remains to be explored.
